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We report inelastic neutron scattering results on the spin dynamics in the 50 % hole-doped man-
ganites, Pr1/2Sr1/2MnO3 and Nd1/2Sr1/2MnO3. In the paramagnetic phase, these systems exhibit
a ridge-type diffuse scattering, indicating a two-dimensional ferromagnetic (FM) correlation. With
decreasing temperature, the systems enter the FM state, but simultaneously they develop A-type an-
tiferromagnetic spin fluctuations. The spin wave dispersion in the FM state is strongly anisotropic.
These behaviors can be consistently interpreted from a viewpoint of the underlying orbital ordering.
71.27.+a, 71.30.+h, 75.25.+z
Recent experimental and theoretical studies on Colos-
sal Magnetoresistance (CMR) manganites have demon-
strated that the one-electron bandwidth (W ) and or-
bital ordering play an important role in determining their
physical properties such as spin and lattice structures,
transport properties, charge ordering, spin dynamics, etc.
[1,2,3,4,5]. For example, we have studied three perovskite
manganites, Pr1−xSrxMnO3 and Nd1−xSrxMnO3 with
x ∼ 1/2, and demonstrated that, instead of the well-
known CE-type spin and charge order, some of man-
ganites exhibit a metallic layered A-type antiferromag-
netic (AFM) state [5], in which ferromagnetic (FM) lay-
ers stack antiferromagnetically [See Fig. 1]. The change
of the magnetic structure from a CE-type to an A-type
can be interpreted as an effect of the widening of W .
Based on the detailed study of the lattice and spin struc-
tures, we pointed out that these systems may have the
dx2−y2- type orbital order. This orbital order favors the
FM spin alignment within orbital ordered layers, but fa-
vors the AFM stacking between them, leading to the A-
type AFM order. Furthermore, we proposed that this
orbital order may introduce a two-dimensional charac-
ter in both the magnetic and transport properties in the
A-type AFM state of the nearly 50 % hole-doped man-
ganites. We have recently demonstrated that the spin
wave (SW) stiffness constants in the A-type AFM state of
Nd0.45Sr0.55MnO3, indeed, exhibit a clear anisotropy be-
tween the two directions within and perpendicular to the
orbital ordered FM layers [6]. Furthermore, very recently,
it was reported that the resistivity of this compound also
shows a clear directional anisotropy [7]. Because of the
metallic conductivity in the A-type AFM phase, one can
conclude that the charge ordering is not formed in these
systems and that the anisotropy in the magnetic as well
as transport properties observed in this phase should be
solely attributed to the ordering of dx2−y2 orbitals.
It is interesting to point out that, judging from the
crystal structure of the Pr and Nd compounds, such a
unique dx2−y2 -type orbital order may persist even in their
FM state, and it could influence their magnetic as well
as transport properties. If this is the case, it may give
a unique opportunity to investigate the influence of the
orbital ordering on their physical properties separately
from the charge ordering. The choice of the present two
compounds provides further advantage to identify the ef-
fects of the orbital ordering. Because the orbital order
is formed along the different directions [See Fig. 1], it
should exhibit a different directional dependence. With
this difference in mind, we have performed inelastic neu-
tron scattering measurements in the paramagnetic (PM)
and FM metallic states of 50 % hole-doped Pr and Nd
manganites.
In this paper we report that, reflecting the underly-
ing dx2−y2-type orbital order, the spin fluctuations in
these systems show several anomalous behaviors. In par-
ticular, the spin correlations in these systems are two-
dimensional in the PM phase, and they turn to possess
A-type AFM spin fluctuations even in the FM state. In
addition, they show clear directional dependence.
Neutron scattering measurements were performed with
triple axis spectrometers GPTAS-4G and HER-C11 in-
stalled at the thermal and cold-guide tubes at the JRR-
3M research reactor, JAERI, Tokai, Japan. The GPTAS
spectrometer was operated with kf = 2.57A˚
−1 and 40’-
80’-40’-80’ collimators, while the HER with ki = 1.55A˚
−1
and open-80’-80’ collimators from monochromator to de-
tector, respectively. The latter yields an energy resolu-
tion of ∼ 0.23 meV (FWHM). The measurements were
performed with the same crystals used in our previous
studies. The details on the sample preparation and the
sample quality have been already reported [5,8,9]. The
single crystal samples were aligned with the (h, l, h) scat-
1
tering plane. The SW profiles were measured around the
respective A-type AFM Bragg points, Q = (1/2, 0, 1/2)
or (1,±1, 1), while the FM spin fluctuations were mea-
sured around the nuclear Bragg reflection Q = (1, 0, 1),
respectively.
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FIG. 1. Upper panels: Temperature dependence of the
FM and AFM Bragg reflections in Pr1/2Sr1/2MnO3 and in
Nd1/2Sr1/2MnO3. Lower panels: A-type magnetic structures
observed in two systems, and their propagation vectors ~τ . The
dx2−y2 -type orbitals lie within the hatched planes.
The magnetic as well as transport phase diagrams for
Pr1−xSrxMnO3 and Nd1−xSrxMnO3 systems have been
reported by Tomioka et al. [10] and by Kuwahara et al.
[11]. For x = 1/2, these two systems show first order
magnetic phase transitions either from the FM to A-
type or to CE-type state for Pr and Nd compounds, re-
spectively. The temperature dependence of the magnetic
Bragg intensity in both systems is summarized in the up-
per panels of Fig. 1. In the present study, however, we
have newly discovered that a very weak A-type AFM re-
flection appears below TAN ∼ 200K in the Nd compound,
and that this is a second order transition.
The crystal structures of these compounds belong to
either the orthorhombic Pnma or monoclinic P21/n sym-
metry. (Detailed lattice parameters were given in Ref.
[5,12].) The important feature of these crystal structures
is that the MnO6 octahedra in both systems consist of
two long and one short O-Mn-O bonds, and that two long
O-Mn-O bonds are always contained in the shaded layers
illustrated in Fig. 1. Consequently, the dx2−y2 -type or-
bitals lie within these planes, and the propagation vector
~τ for the concomitant A-type AFM order is ~τ = [101]
and ~τ = [010] for the Pr and Nd compounds, respec-
tively. Hereafter, we employ a terminology of ”layer”
and ”plane” to indicate this orbital-ordered plane shown
in Fig. 1, although these compounds do not have a con-
ventional layered structure.
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FIG. 2. Constant-E scan profiles observed at E = 0 (upper
panels) and 2 meV (lower panels). (Insets) Profiles observed
along the perpendicular to the 2d rod-like scattering at 270 K
and 255 K for the Pr and Nd compounds, respectively. The
arrows in the bottom panels indicate the positions where the
profiles were measured.
In Fig. 2 we summarize the wave vector dependence of
PM spin fluctuations measured at E = 0 and 2 meV, re-
spectively. These data were taken at the HER spectrom-
eter with an energy resolution of ∼ 0.23 meV (FWHM).
The profiles of the E = 0 meV component in the upper
panels consist of a strong nuclear Bragg component at
the center and additional wing scattering. The diffuse
component at the wing is practically identical for the h
and k directions, indicating that the E = 0 meV diffuse
component is isotropic. In sharp contrast to this, the
E = 2 meV component depicted in the lower panels is
clearly anisotropic. For example, if we examine the data
of the Nd compound in Fig. 2(d), the profile observed in
the PM state at 255 K is almost flat along the k direction
except for two spurious peaks at k ∼ ±0.25 [13], while
the profile along the h direction is narrow. This indicates
that the dynamical spin correlations are two-dimensional;
the spins are strongly correlated ferromagnetically within
the planes, but are not correlated between the planes, re-
flecting the anisotropic feature of the dx2−y2-type orbital
order. These results manifest that the orbital ordering
has a crucial influence on the dynamical spin correlations
in manganites even in the PM state. When decreasing
2
T , a further intriguing feature develops at around the
A-type AFM zone center, Q = (1,±1, 1). Namely, the
profile observed at 220 K indicates that spins between
the planes now exhibit AFM correlations even though
the system is still in the FM phase. Similar AFM spin
correlations were also observed at 175 K below TAN .
For the Pr compound, we observed exactly the same
behavior with the Nd compound except for the change
of the direction of the spin correlations as shown in Fig.
2(c). In this compound, the two-dimensional FM spin
correlations develop within the (101) planes, (consistent
with the fact that the orbital order is formed within these
planes), and A-type AFM correlations develop at around
Q = (1/2, 0, 1/2) and (3/2, 0, 3/2). The increase of in-
tensity towards small h in profiles is due to small-angle
scattering.
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FIG. 3. Dispersion curves within and between plane direc-
tions. An inset shows a constant-Q scan profile observed at
(1, 0.7, 1). Solid curves are drawn as guides to the eye.
In order to characterize the spin fluctuations in the
FM phase, we determined the SW dispersions. As shown
in Fig. 3, there are several remarkable features in the
SW dispersion relations within and between the planes.
First, it is evident that SW stiffness is different for the
two directions. For example, in the Pr compound, the
SW energy along the [1 0 1] direction (perpendicular to
the orbital-ordered plane) is lower than those along the
[0 1 0] direction (an in-plane direction within the orbital-
ordered FM planes) [See Fig. 1(c)]. We already reported
that the same orbital order causes such anisotropy in
the SW dispersion in the A-type AFM state [6]. Thus,
an implication of the present results is that the orbital
ordering causes same anisotropic SW dispersion even in
the FM state, which should be otherwise isotropic.
The second feature is the anomalous q-dependence of
the dispersion curve along the in-plane direction. In the
Pr case, the SW dispersion curve deviates in the mid-
dle of the Brillouin zone from a single cosine-band type
formula given by conventional linear SW theory which
is indicated by the dashed curve. This curve is calcu-
lated for the simple FM Heisenberg model with nearest-
neighbor couplings, and is identical to the one predicted
from the double exchange model in the limit of large
Hund’s coupling by Furukawa [14]. This relation was
reported to explain well the observed SW dispersion re-
lations in a relatively wide one-electron bandwidth (W )
systems La0.7Pb0.3MnO3 [15] and La0.7Sr0.3MnO3 [16].
However, the deviation from the linear SW theory is se-
rious for the Pr compound, and is even more striking for
the Nd compound. In the Nd case, the dispersion along
the in-plane direction (along the [101] direction for the
Nd compound) becomes practically flat beyond qh = 0.2.
The inset of the Fig. 3(b) is the profile observed at (1,
0.7, 1). There are two peaks at 3 and 9.5 meV due to the
two magnetic domains. One might suspect that a crystal
electronic field excitation from Nd ions gives rise to the
peak at 9.5 meV. However, we can easily exclude this pos-
sibility because the profile measured at the zone center
(1,0,1) exhibits no peak at 9.5 meV. At present, the origin
of the deviation is an open question. For the present two
compounds, they have almost identical TC ’s but different
W , indicating that the difference of W could explain to
what extent the SW dispersion deviates from the linear
SW theory. A similar deviation was recently reported
for the lower hole-doping compounds Pr0.63Sr0.37MnO3,
Nd0.7Sr0.3MnO3, and La0.7Ca0.3MnO3 [17,18].
Thirdly, the dispersion relations perpendicular to
the orbital-ordered layers also exhibit anomalous q-
dependence. In the Pr compound, the zone boundary
(ZB) along the (qh, 0, qh) direction in the FM phase is
located at qh = 0.5. Surprisingly, however, it seems that
the ZB is located at qh = 0.25 and that the periodicity of
the dispersion is doubled along this direction, although
the SW energy at the ZB is still finite. For the Nd com-
pound, the dispersion along the (0, qk, 0) direction ex-
hibits the same behavior, but the SW energy at the ZB
with qk = 1.0 vanishes below T
A
N ∼ 200 K.
To see detailed behavior of the ZB SW excitations, we
show in Fig. 4 the q-dependence of the SW profiles near
the ZB at two T ’s above and below TAN ∼ 200 K for the
Nd compound. At 220 K in the FM phase (right panel),
the ZB profile shows a clear gap, but at 179 K below TAN
(left panel) the q-dependence indicates that the gap van-
ishes at the ZB of qk = 1.0. This behavior is consistent
with the emergence of the A-type AFM Bragg reflections
at TAN [See Fig. 1(b)], and sheds light on the nature of the
ordering process of two compounds. Due to the orbital
ordering, the dynamical spin fluctuations are anisotropic
in the PM phase. With decreasing T , the A-type AFM
spin correlations are developed between orbital-ordered
planes in the FM state, and they are progressively en-
hanced. When further decreasing T , they yield a weak
parasitic A-type AFM order in the Nd compound, but
the narrow W favors the CE-type charge and spin order
further, and it is finally formed below TCEN . For the Pr
compound which has a slightly wider W , on the other
hand, the orbital-order induced A-type AFM spin fluc-
3
tuations lead to a metallic A-type AFM order through a
first order transition.
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FIG. 4. The q-dependence of the constant Q scan profiles
observed above and below A-type AFM transition tempera-
ture TAN ∼ 200 K.
Finally, we would like to discuss an issue of a FM
central component. Recently, it was pointed out that
the CMR manganites which show large CMR phenom-
ena have a strong central component at around their TC
[19,20]. The central component can be also observed in
the PM state of the AFM manganites [6,21,22]. Such a
central component yields a spin diffusion constant with
one order smaller energy scale to its spin stiffness con-
stant [6,21]. The present data [Fig. 2] demonstrate that
the correlation length of the central component is order
of ∼100 A˚. In addition to the central component, how-
ever, the system has an additional component which has
a larger energy scale and shorter correlation length than
those of the central component. This component must
correspond to conventional thermally-activated spin fluc-
tuations, indicating the coexistence of slowly fluctuating
large clusters and conventional spin fluctuations in the
system. The former slow fluctuation is very likely related
to the CMR phenomena, while the latter dynamical com-
ponent clearly manifests an influence of the underlying
orbital ordering.
In conclusion, we have found a number of inter-
esting but unusual features in the spin dynamics of
the 50 % hole-doped manganites Pr1/2Sr1/2MnO3 and
Nd1/2Sr1/2MnO3 in and above the FM phase. (1) The
spin correlations in the PM state are two-dimensional.
(2) The SW dispersion in the FM state is anisotropic. (3)
The SW dispersion along the in-plane direction shows a
deviation from a conventional linear SW theory. (4) AFM
spin correlations are developed in the FM state. We at-
tribute the results (1), (2), and (4) to the underlying
dx2−y2-type orbital order, which yields the A-type AFM
order in the low temperature phase. The directional de-
pendence of the spin correlations observed in two systems
is consistent with our interpretation that these spin fluc-
tuations are driven by the specific orbital order. These
results demonstrate that the orbital ordering has a crucial
influence on the spin correlations in the 50 % hole-doped
manganites, even in the PM and FM states. The reason
of the result (3) remains an open question, and further
experimental and theoretical studies are needed.
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